Abstract The role of dopamine D2 and D3 receptors (D2R/ D3R), located on midbrain dopaminergic (DA) neurons, in the regulation of DA synthesis and release and in DA neuron homeostasis has been extensively investigated in rodent animal models. By contrast, the properties of D2R/D3R in human DA neurons have not been elucidated yet. On this line, the use of human-induced pluripotent stem cells (hiPSCs) for producing any types of cells has offered the innovative opportunity for investigating the human neuronal phenotypes at the molecular levels. In the present study, hiPSCs generated from human dermal fibroblasts were used to produce midbrain DA (mDA) neurons, expressing the proper set of genes and proteins typical of authentic, terminally differentiated DA neurons. In this model, the expression and the functional properties of the human D2R/D3R were investigated with a combination of biochemical and functional techniques. We observed that in hiPSC-derived mDA neurons, the activation of D2R/D3R promotes the proliferation of neuronal progenitor cells. In addition, we found that D2R/D3R activation inhibits nicotine-stimulated DA release and exerts neurotrophic effects on mDA neurons that likely occur via the activation of PI3K-dependent mechanisms. Furthermore, D2R/D3R stimulation counteracts both the aggregation of alpha-synuclein induced by glucose deprivation and the associated neuronal damage affecting both the soma and the dendrites of mDA neurons. Taken together, these data point to the D2R/D3R-related signaling events as a biochemical pathway crucial for supporting both neuronal development and survival and protection of human DA neurons.
Introduction
Dopamine (DA) D2 and D3 receptors (D2R/D3R), which belong to the D2-like receptor family, are expressed on DA neurons of the substantia nigra (SN) and ventral tegmental area (VTA) [1] where they act as autoreceptors, regulating both phasic and tonic DA release [2] [3] [4] [5] . At the molecular level, D2R/D3R are coupled to the Galphai/o family of G Electronic supplementary material The online version of this article (doi:10.1007/s12035-016-0376-3) contains supplementary material, which is available to authorized users.
proteins leading to inhibition of adenylyl cyclase (AC) [6] ; in addition, D2-like receptors also regulate other intracellular signals, including the extracellular-signal-regulated kinases 1/2 (ERK1/2) pathway [7] .
There is now increasing evidence that D2R/D3R is also critical for supporting DA neuron homeostasis [8] . In particular, the role of DA, via stimulation of D2R/D3R, in the regulation of proliferation and differentiation of neuronal progenitors during brain development [9] [10] [11] and in the adult rodent brain [12] [13] [14] has been described. Furthermore, a role of D2R/ D3R in supporting DA neuron neurotrophic changes, which require the activation of the phosphatidylinositol 3-kinase (PI3K)/ERK1/2 pathway [15] , has been demonstrated in mouse primary neuronal cultures [16] . The observation that structural changes induced by the D2R/D3R agonist quinpirole in DA neurons were lost in primary DA neurons obtained from both D2R-knockout (D2R-KO) [17, 18] and D3R-KO mice [16] suggests that both D2R and D3R contribute to these effects. D2R/D3R stimulation also protects DA neurons against neurodegenerative processes involved in the progressive loss of DA neurons of the SN in Parkinson's disease (PD). In particular, a randomized, controlled trial in PD patients has shown that the D2R/D3R agonist ropinirole slowed the progression of neurodegeneration compared with levodopa [19] . Similarly, in the 6-hydroxydopamine (6-OHDA)-lesioned rat model of PD, chronic exposure to the D2R/D3R agonist 7-hydroxy-N,N-dipropylaminotetralin (7-OHDPAT) restored the nigrostriatal pathway and improved locomotion [20] . Interestingly, using a neuroblastoma cell model, D2R/D3R stimulation has been reported to counteract glucose deprivation (GD)-induced aggregation of alphasynuclein (alpha-syn) [21] , the major component of the Lewy bodies in PD [22] .
To date, the evidence that D2R/D3R share these properties in human DA neurons is still lacking. Therefore, in this study, we performed a comprehensive characterization of D2R/D3R expressed by human DA neurons derived from induced pluripotent stem cells (hiPSCs) that could provide new approach for understanding the pathogenic mechanisms underlying neurologic and neuropsychiatric diseases involving the DA system. In fact, the generation of hiPSCs [23, 24] has opened the possibility to produce neurons from patients, providing the unique opportunity for directly analyzing the mechanisms of diseases at the cellular and molecular level. DA neurons have been already derived from hiPSC and characterized for the expression of typical DA markers [25, 26] and for their electrophysiological properties [27] . However, whether these neurons are authentic DA neurons expressing the proper complement of receptors and responding to stimulation by activating the characteristic signaling effectors and functions has not been investigated.
In this study, we derived hiPSC from human healthy dermal fibroblasts and differentiated these cells into midbrain DA (mDA) neurons with the aim of investigating their molecular and functional properties in terms of D2R/D3R and other receptors expression and function. The impact of D2R/D3R stimulation on differentiation of hiPSC into mDA neurons as well as the D2R/D3R ability to inhibit DA release and to support DA neuron neuroplasticity and neuroprotection was particularly investigated. The results show that mDA neurons derived from hiPSC have a gene and protein complement typical of authentic, terminally differentiated DA neurons.
Materials and Methods

Chemicals
A s c o r b i c a ci d ( A A ) an d ad e n o s i ne -3 ′ , 5 ′ -c y c l i c monophosphate (cAMP) were purchased from SigmaAldrich; LDN193189 and CHIR99021 (CHIR) were purchased from Stemgent (Cambridge, MA); Y27632 dihydrochloride (ROCK inhibitor) and SB431542 were purchased from Tocris Bioscience; small molecule activators of sonic hedgehog C25II (Shh), fibroblast growth factor 8 (FGF8), basic fibroblast growth factor (bFGF), brain-derived neurotrophic factor (BDNF), glial cell line-derived neurotrophic factor (GDNF), and transforming growth factor type β3 (TGFβ3) were purchased from R&D Systems (Minneapolis, MN).
Astrocytes Culture
Primary mouse cortical astrocytes (MCA) were isolated from CD1 mice at post-natal day 1 (P1) (Charles River Laboratories, Calco, Italy). Animal care was in accordance with the European Community Council Directive, September 2010 (2010/63/EU) with the approval of the Institutional Animal Care and Use Committee of the University of Brescia, and in line with Italian law. Briefly, cortices were dissected and collected in ice-cold HBSS (EuroClone). Cell suspension was diluted with DMEM (Sigma-Aldrich) 10% FBS (EuroClone), plated on 6-cm dishes and placed in an incubator at 37°C in 5% CO 2 . Medium was replaced every 3-4 days.
Neural Induction
Human iPSC (hiPSC) cultures were disaggregated using Accutase (Innovative Cell Technologies) for 20 min, washed using hES medium, and pre-plated on 0.1% gelatin (Stem Cell Technologies) for 1 h at 37°C to remove mouse embryonic fibroblast (MEF) feeders, in the presence of 10-μM ROCK inhibitor (Y-27632). The non-adherent hiPSC were washed and plated at a density of 10,000-25,000 cells/cm 2 on Matrigel (BD)-coated dishes in MEF-conditioned hES medium supplemented with 10 ng/ml of bFGF and ROCK inhibitor.
For midbrain DA neuron (mDA) induction, a modified version of the dual-SMAD inhibition protocol was used [26] . hiPSCs were cultured in knockout serum replacement medium (KSR medium) including KO-DMEM, 15% KSR, 1% P/S, 2 mM glutamine, 1% NEAA, and 0.055 mM 2-mercaptoethanol (all by Life Technologies) with 10 μM SB431542 and 100 nM LDN193189. Upon day 5, KSR medium was gradually shifted to N2 media, consisting in DMEM-F12, 1% P/S, 1% GlutaMAX, 0.2% D-Glucose, and 1% N2 supplement (GIBCO); the SB431542 was withdrawn, while LDN193189 was maintained until day 11. One hundred nanograms per milliliter of the small molecule activators of sonic hedgehog (Shh) and 100 ng/ml FGF8 were added from day 1 until day 7, while 3 μM CHIR was added from days 3 to 12. From day 11 to day 20, DA maturation was performed in the presence of 20 ng/ml BDNF, 0.2 mM ascorbic acid, 20 ng/ ml GDNF, 1 ng/ml TGFβ3, and 0.5 mM cAMP (BAGTC) in Neurobasal/B27/glutamine containing medium (NB27 medium). On day 20, cells were dissociated using accutase and replated at density of 5 × 10 4 cell/cm 2 on polyornithine (15 μg/ml)/laminin (1 μg/ml)/fibronectin (2 μg/ml) (all from Sigma-Aldrich) pre-coated dishes or on MCA in differentiation medium (NB27 medium + BAGTC) until day 50. In order to evaluate the role of D2R/D3R during the differentiation protocol, hiPSCs (day 0) were exposed for 20 days to quinpirole (10 μM), sulpiride (5 μM), or quinpirole in combination with sulpiride, with each compound added to fresh medium every other day.
RNA Isolation and Gene Expression Analysis
Total RNA was extracted from cells during differentiation at days 0, 11, and 50, and from MCA using TriZol Reagent (Life Technologies). RNA was quantified using the My Spect spectrophotometer (Biomed). For each sample, 1 μg of total RNA was treated with DNase I and reverse-transcribed using HighCapacity cDNA Reverse Transcription kit from Life Technologies (Foster City, CA) according to the manufacturer's protocol using a thermo cycler (Applied Biosystems) at 25°C for 10 min, 37°C for 120 min, and 85°C for 5 min. RT-PCR was performed using the DreamTaq Green PCR Master Mix according to the manufacturer's instruction (Thermo Fisher).
Quantitative RT-PCR (qPCR) was performed using Sybr® Green Master Mix (Bio-Rad) and 20 ng of cDNA in triplicate for each gene and run on ViiA7 instrument (Applied Biosystems) under the following conditions: 95°C for 10 min for 1 cycle, 95°C for 15 s and 60°C for 1 min for 40 cycles.
Transcript levels of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were measured as endogenous controls.
Gene expression was analyzed based on the delta CT (ΔCT) approach and normalized to the expression of GAPDH.
Primer sequences, annealing temperatures, and PCR product sizes are listed in supplementary materials (Supplementary  Table S1 ).
Pharmacological Treatments
For biochemical analysis, cultures at day 50 of differentiation were maintained in B27-free medium for 6 h following by treatment for 2 min with the D1R agonist SKF81297 (10 μM), the D2R/D3R agonists quinpirole and ropinirole (both at 10 μM) and with DA (1 μM) and analyzed for ERK1/2 phosphorylation (pERK1/2). In addition, cells were treated with quinpirole for 2 min in the presence or in the absence of the D2R/D3R antagonist sulpiride (5 μM) or the PI3K inhibitor LY2940022 (10 μM), both added 30 min prior quinpirole stimulation. Proteins were extracted and analyzed by western blot as described below.
For morphological analysis, cultures at the 50th day of differentiation were treated with quinpirole (10 μM) or nicotine (10 μM) for 72 h both in the absence or in the presence of either sulpiride (5 μM) or the PI3K inhibitor LY2940022 (10 μM). On the basis of preliminary experiments, quinpirole and nicotine were added once at the beginning of the experiment; sulpiride and LY 2940022 were added 30 min before agonists and left in the cultures until the end of the experiment. Morphological analysis was conducted by immunocytochemistry (ICC) as described below.
In GD experiments, mDA neurons (day 50) were incubated in Hank's balanced salt solution (HBSS, Euroclone) supplemented with 2 mM glutamine and 2% B27 without glucose for 60 min at 37°C. Quinpirole (10 μM) or nicotine (10 μM) were added immediately after GD in the presence or in the absence of sulpiride (5 μM), added 30 min before agonists. Cells were divided into two groups and analyzed for alphasynuclein (alpha-syn) aggregation (48 h after GD) and for morphological changes (both 48 and 120 h after GD).
Immunocytochemistry, Immunofluorescence, and Morphometric Analysis
For immunofluorescence (IF) analysis, cells were fixed in phosphate-buffered saline (PBS) containing 3% paraformaldehyde (Sigma-Aldrich)/3% sucrose (Sigma-Aldrich), blocked in PBS containing 0.1% Triton X-100 (Promega, Madison, WI, USA), 5% bovine serum albumin (BSA; Sigma Aldrich), and incubated overnight at 4°C with primary antibodies. The following antibodies were used: PAX6 (1:250; Covance), Nestin (1:100; Chemicon), Lmx1α (1:1000; Sigma Aldrich), FoxA2 (1:500; Santa Cruz), tyrosine hydroxylase (TH, 1:700; Santa Cruz Biotechnology), MAP2 (1:500; Millipore), dopamine transporter (DAT, 1:400; Santa Cruz Biotechnology), and norepinephrine transporter (NET, 1:400; Santa Cruz Biotechnology) (Supplementary Table S2 ). Cells were then incubated for 30 min at room temperature with appropriate Alexa Fluor 488-and Cy3-conjugated secondary antibodies (Jackson Immuno Research). Nuclei were stained with DAPI. Coverslips were mounted with Vectashield Mounting Medium (Vector Laboratories). As a negative control, the primary antibodies were omitted. Images were captured using an Olympus IX51 microscope (Hamburg, Germany), or using a Zeiss LSM 510 Meta confocal microscope equipped with Plan-Apochromat 63X/1.4 numerical aperture oil objective and LSM 510 Meta Software, version 3.5 (Carl Zeiss AG, Oberkochen, Germany). Confocal digital images were further examined using the Axio Vision Release, version 4.8.2, software (Carl Zeiss AG). TH-, MAP2-, FoxA2-, and Lmx1α-positive neurons were counterstained with DAPI and counted by a blinded examiner using a ×20 objective and a cast grid system under an inverted microscope (Olympus IX51). More than 50 frames for each coverslip were examined.
Alpha-syn aggregation was analyzed by IF using the alphasyn 211 (1:500; Santa Cruz) and the TH (1:700; Santa Cruz) (Supplementary Table S2 ) primary antibodies as described below. Nuclei were stained with DAPI. Alpha-syn quantification was performed as described by Zaltieri et al. [28] . A minimum of ten fields containing TH-positive neurons for each condition were selected and analyzed by using the NIH IMAGE J Software (NIH, Bethesda, MD, USA). The threshold setup was fixed between 30 and 200. The densitometric analysis is indicative of the percent average size of the alphasyn-positive areas in the different fields analyzed. For image analysis, each experimental condition was performed in triplicate at least three times. Morphological analysis was conducted by ICC as described below.
For ICC, cells were stained with the anti-TH primary antibody as described above, followed by a biotinylated secondary antibody (Vector) and visualized via DAB chromogen. Digital images were acquired with the Olympus IX51 microscope connected to an Olympus digital camera and a PC and analyzed as previously described [16] . Morphometric measurements were performed by a blinded examiner on digitalized images using NIH ImageJ software (NIH, Bethesda, MD, USA). The morphological indicators of structural plasticity were (i) the maximal primary dendrite length, (ii) the number of dendrites, and (iii) the soma area [29] . Two coverslips per treatment were examined to obtain measurements from at least 50 TH-positive mDA neurons.
Endogenous DA Release from hiPSC-Derived Dopaminergic Neurons and HPLC Analysis
At day 50 of neuronal differentiation, the medium was removed and cells were washed twice with Krebs Ringer's buffer (KRB) containing 119 mM NaCl, 2.5 mM KCl, 2.5 mM CaCl 2 , 1.3 mM MgSO 4 , 1 mM NaH 2 PO 4 , 26.2 mM NaHCO 3 , and 10 mM glucose at pH 7.4. Three hundred microliters of KRB were added to the cells and immediately collected (T0). Cells were then treated with 300 μl KRB (basal), or K + (50 mM in KRB), or nicotine (10 μM in KRB) or quinpirole (10 μM in KRB). Another group of cells was treated with nicotine in the presence of quinpirole (both at 10 μM in KRB) with quinpirole added 30 min before nicotine stimulation. All the experiments were carried out in the presence of the DAT inhibitor GBR 12935 (30 nM) to prevent DA reuptake. The medium was collected after a 30-min incubation (T30) and placed on ice and protect from light. Samples (11 μl) were injected into the HPLC apparatus. Measurements of dopamine and metabolites were made by HPLC with an electrochemical detection system (ALEXYS LC-EC; Antec Leyden BV) equipped with a reverse-phase column (3-μm particles, ALB-215 C18, 1 × 150 mm; Antec Leyden BV) at a flow rate of 50 μl/min and electrochemically detected by a 0.7-mm glass carbon electrode (VT-03; Antec Leyden BV). The mobile phase contained 50 mM H 3 PO 4 , 50 mM citric acid, 8 mM KCl, 0.1 mM EDTA, 400 mg/l octanesulfonic acid sodium salt and 8% (v/v) acetonitrile (pH 3.0).
Western Blotting
mDA neuron cultures were washed with ice-cold PBS and lysed in 50 mM Tris (pH 7.4) containing 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1% Igepal, 1 mM polymethanesulphonyl fluoride, and a complete set of protease inhibitors (Roche Diagnostics, Mannhein, Germany). Protein concentration was measured with a DC-protein assay (Bio-Rad, Hercules, CA, USA). Aliquots of total proteins were resolved by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and blotted onto a PVDF membrane (Immobilon-P; Millipore). Membranes were incubated overnight with the following primary antibodies: pERK1/2 (1:1000; Santa Cruz Biotechnology), TH (1:1000; Millipore), DAT (1:400; Santa Cruz Biotechnology), AADC (1:200; Sigma-Aldrich), and α-Tubulin (1:100,000; Sigma-Aldrich) (Supplementary Table S2 ). Blots were then incubated with the appropriate horseradish peroxidasec o n j u g a t e d s e c o n d a r y a n t i b o d i e s ( S a n t a C r u z Biotechnology) and developed using ECL (Gene Spin). Specific bands were analyzed by densitometric scanning of exposed film using gel-pro analyzer software (Media Cybernetics, Bethesda, MD, USA).
Statistical Analysis
Each experiment was repeated at least three times. Values are expressed as mean ± standard error of the mean (S.E.M.) if not stated otherwise. Significant differences from control conditions were determined using analysis of variance (ANOVA) followed by Bonferroni's test for multiple comparisons provided by GraphPad prism version 4.00 for Windows (GraphPad Software, San Diego, CA, USA). Correlations were assessed by calculating the correlation coefficient between two variables using the same statistical package.
Results
Induction and Neurogenic Conversion of hiPSCs into mDA Neurons hiPSCs were generated from healthy fibroblasts as described in supplementary data (Fig. S1 ) following the protocol published by Maherali et al. [30] and differentiated into mDA neurons using a modified version of the dual-SMAD inhibition protocol developed by Kriks et al. [26] . Gene expression analysis for markers of pluripotency (day 0), neural progenitors (day 11), or mDA neurons (day 50) was performed during the differentiation process by semiquantitative RT-PCR. As shown in Fig. 1b , at day 0, hiPSCs expressed the mRNAs encoding for the endogenous pluripotency genes, OCT4 and SOX2; in line with other studies [11] , the mRNA encoding for DA D2R, D3R, and D4R was also detected at day 0. The mRNAs for the neural progenitors genes PAX6 and Nestin were robustly induced at day 11; the transcript encoding for the microtubule-associated protein 2 (MAP2), a wellrecognized neuronal marker [31] , was also identified at day 11. The mRNA for genes typical of DA neurons, such as tyrosine hydroxylase (TH), aromatic amino acid decarboxylase (AADC), DA transporter (DAT), and vesicular monoamine transporter (VMAT2), was expressed starting from day 11 of differentiation. The mRNA encoding for the G protein-coupled inwardly rectifying potassium channel, GIRK2, a marker of A9 DA neurons, was also detected at both days 11 and 50 of differentiation. Moreover, the transcripts encoding for several DA neurons transcription factors, such as Lmx1α, FoxA2, Nurr1, and Pitx3, detected starting from day 11, were greatly increased at day 50 of differentiation.
The mRNA for glutamic acid decarboxylase 67 (GAD67), vesicular glutamate transporter 2 (V-GLUT2), norepinephrine and serotonin transporters (NET and SERT, respectively), and the serotonin receptor 2C (5-HT2C) was also identified (Fig. 1b) , suggesting that in addition to DA neurons, GABAergic, serotonergic, glutamatergic, and noradrenergic neurons also coexist in our cultures.
The neural progenitor markers PAX6 and Nestin, as well as the transcription factors Lmx1α, FoxA2, were also evaluated at day 11 by immunocytochemistry (Fig. 1c) . The majority of cells expressed both PAX6 and Nestin thus indicating their differentiation toward neuronal precursors (Fig. 1c (a-c) ). Moreover, a high percentage of cells expressed Lmx1α and FoxA2 (Fig. 1c (d-f) ), with ∼75% co-expressing both transcription factors, suggesting the DA neuron precursors predominance in the cell cultures (Fig. 1c (g) ). MAP2 and TH were also examined at day 50 ( Fig. 1d (a-c) ). The majority of cells were positive for the neuronal marker MAP2 (∼82% of the cells), and ∼40% of cells co-expressed TH and DAT (Fig. 1d  (d-h) ). Only a small cluster of TH-positive neurons was also positive for NET staining thus indicating the presence of a small population of noradrenergic neurons in the culture (Fig. 1d (ik) ). The expression of TH, AADC, and DAT was also detected by WB in lysates obtained at day 50 (Fig. 1e) .
Functional Characterization of Differentiated mDA Neurons
To determine whether mDA neurons, at day 50 of differentiation, synthesize and release DA in a regulated way, HPLC was used to measure endogenous DA levels in the culture medium both in basal conditions and following stimulation of D2R/D3R and nicotinic acetylcholine receptors (nAChR), which are known to control of DA release [6, 32, 33] . The transcripts encoding for D2R and D3R and for both the α4/α6 and β2 subunits of nAChR [33] were in fact detected in mDA neurons at day 50 by RT-PCR (Figs. 1b and 2a) . mDA neurons were treated with either potassium (K + ; 50 mM) [34] , nicotine (10 μM) [35] , quinpirole (10 μM), or with nicotine in combination with quinpirole (both at 10 μM), in the presence of the DAT blocker GBR12935 (30 nM) [36] . DA content in the culture medium was measured after a 30-min stimulation.
As shown in Fig. 2b , both nicotine and K + significantly inc rea sed DA r elea se ( 0.5 11 ± 0.0 4 n g/ml an d 0.800 ± 0.25 ng/ml, respectively) as compared to basal conditions (0.267 ± 0.006 ng/ml). Quinpirole, which did not modify basal DA release (0.272 ± 0.011 ng/ml), significantly inhibited nicotine-induced DA release (0.232 ± 0.013 ng/ ml). Overall, these data suggest that mDA neurons synthesize and release DA and that this effect is precisely regulated by the activation of functional D2R/D3R and nAChR.
Involvement of D2R/D3R in mDA Neurons Differentiation
The involvement of D2R/D3R in hiPSC differentiation into mDA neurons was analyzed [11, 13, 17, 18, [37] [38] [39] . To this aim, either the D2R/D3R agonist quinpirole (10 μM) or the D2R/D3R antagonist sulpiride (5 μM) was added to hiPSC cultures from day 0 (pluripotent cell stage) and maintained in the cultures to day 20 (Fig. 3a) . Cells were analyzed at day 20 for MAP2 and TH immunoreactivity. Quinpirole increased the number of both MAP2-and TH-positive neurons (33 and 23% increase, respectively); by contrast, the percentage of MAP2-and TH-positive neurons was significantly decreased by sulpiride (27 and 17% decrease, respectively) (Fig. 3b) . The increase of both MAP2-and TH-positive neurons induced by quinpirole was lost when quinpirole was added to cultures in combination with sulpiride (5 μM) from day 0 (Fig. 3b) .
Since D2-like receptors may be implicated in these mechanisms [11] , D2R, D3R, and D4R mRNA expression was analyzed by quantitative RT-PCR (qPCR) during hiPSC maturation to mDA neurons. Low to moderate levels of the mRNA encoding for D2R (ΔCt 12.34 ± 0.23), D3R (ΔCt 12.86 ± 0.39), and D4R (ΔCt 9.42 ± 0.13) were detectable in hiPSC, while the mRNA encoding for TH was almost absent (ΔCt 15.67 ± 0.04). During differentiation, the mRNAs 
Immunofluorescence analyses of TH (e), DAT ( f ), and co-staining (g) in mDA neurons at day 50. DAT-and TH-positive cells were counted. Bars referred to panels e-g represent the mean ± S.E.M. of three independent experiments (h). Immunofluorescence analyses of TH (i), NET (j), and co-staining (k) in mDA neurons at day 50. Nuclei were stained with DAPI (blue). Scale bar = 50 μm. e Western blot (WB) analysis of TH, AADC, DAT, and tubulin in hiPSC (day 0), NPC (day 11), and mDA neurons (day 50) Fig. 2 Functional DA release in hiPSC-derived mDA neurons. DA release by mDA neurons was determined by using HPLC, as described in BMaterials and Methods.^a RT-PCR analysis of mRNA encoding for both α4/α6 and β2 subunit of nAChR in hiPSC (day 0), neuronal progenitor cells (NPC; day 11), mDA neurons (day 50), and MCA. Analysis of GAPDH mRNA was used as endogenous control. b mDA neurons were stimulated with potassium (K+; 50 mM), nicotine (N; 10 μM), quinpirole (Q; 10 μM), or quinpirole plus nicotine (both at 10 μM) for 30 min and analyzed as described in BMaterials and Methods.^Experiments were repeated at least three times. Values are represented as mean ± S.E.M. (***p < 0.001; * p < 0.05 vs basal (B) release). Data were statistically analyzed by one-way ANOVA followed by post hoc comparison with Bonferroni test Fig. 3 Effect of D2R/D3R in the differentiation of hiPSC into mDA neurons. a Time scheduled and culture condition of hiPSC differentiation into mDA neurons. hiPSCs (day 0) were exposed for 20 days to quinpirole (10 μM), sulpiride (5 μM), or quinpirole in combination with sulpiride, with each compound added to fresh medium every other day. b At day 20 of differentiation, cells were analyzed for TH and MAP2 by immunocytochemistry and counted, as described in BMaterials and Methods.^Data were combined from three independent experiments. Bars represent the mean ± S.E.M. ***p < 0.001; ###p < 0.001; ++p < 0. 01;°°°p < 0.001 vs untreated cells. Data were statistically analyzed by one-way ANOVA followed by post hoc comparison with Bonferroni test. c Temporal expression of the mRNA encoding for TH, D2R, D3R, and D4R analyzed by using qPCR in untreated hiPSC (day 0), NPC (day 11), and mDA neurons (day 50). Gene expression was analyzed based on the delta CT (ΔCT) approach and normalized to the expression of GAPDH (relative expression). Shown are the averages and standard deviations of three independent experiments encoding for TH, D2R, and D4R were strongly upregulated (TH: day 11: ΔCt 8.29 ± 0.46 and day 50: ΔCt 4.58 ± 0.09; D2R: day 11: ΔCt 9.95 ± 0.21 and day 50: ΔCt 8.56 ± 0.27; D4R: day 11: ΔCt 7.65 ± 0.10 and day 50: ΔCt 7.71 ± 0.22), while D3R mRNA was slightly downregulated (day 11: ΔCt 14.63 ± 0.29; day 20: ΔCt 13.70 ± 0.45) (Fig. 3c) .
Functional D2R/D3R Are Expressed on hiPSC-Derived mDA Neurons
We previously reported that stimulation of D2R/D3R in mouse primary midbrain DA neurons results in the phosphorylation of the extracellular-signal-regulated kinases 1/2 (ERK1/2) pathway, an effect mediated by PI3K [15, 16] . Evidence indicating that mDA neurons express D2R/D3R has been provided by RT-PCR and qPCR and by measuring DA release (Figs. 1b, 2b , and 3c). D2R/D3R signaling to ERK1/2 was tested in hiPSCderived mDA neurons (day 50), cultured on murine cortical astrocytes feeders, following 5 days of culture in Neurobasal/ B27 medium deprived of growth factors. Cells were treated with quinpirole (10 μM), ropinirole (10 μM), the D1R agonist SKF81297 (10 μM), and DA (1 μM) for 2 min. As shown in Fig. 4a , b, a rapid and significant increase of ERK1/2 phosphorylation was induced by quinpirole, ropinirole, and DA, as compared to untreated cells; these effects were counteracted by sulpiride (5 μM), given 30 min prior stimulation (Fig. 4c, d ). By contrast, treatment with SKF81297 did not affect ERK1/2 phosphorylation. On this line, by using RT-PCR, the mRNAs for neither D1R nor D5R were detected in mDA neurons (data not shown). In parallel experiments, cultures of pure cortical astrocytes were treated with quinpirole (10 μM), ropinirole (10 μM), or DA (1 μM) for 2 min and analyzed for ERK1/2 phosphorylation. These agonists did not affect this pathway, thus indicating the irrelevance of the astrocyte feeder in investigating the signaling properties of D2R/D3R in mDA neurons (data not shown). To define the pathway involved in D2R/D3R-mediated ERK1/2 activation, mDA neurons were treated for 2 min with quinpirole (10 μM) in the presence of the PI3K inhibitor LY294002 (10 μM), given 30 min prior stimulation. LY294002 significantly prevented ERK1/2 activation induced by quinpirole (Fig. 4e-f ).
D2R/D3R Stimulation Promotes the Morphological Remodeling of Human TH-Positive mDA Neurons
The ability of D2R/D3R in supporting structural plasticity of mouse mDA neurons, an effect depending on the engagement of the PI3K-ERK1/2 signaling, was recently described [16] . Interestingly, in the same cell model, functional D3R was required also for nicotine-induced structural plasticity [35] , pointing to the crucial role of D2R/D3R in providing neurotrophic support to DA neurons. On this basis, we investigated whether stimulation of D2R/D3R or nAChR induces the morphological remodeling of mDA neurons derived from hiPSC. To this aim, mDA neurons (50 days of differentiation) were Fig. 4 D2R/D3R activation of ERK1/2 in hiPSC-derived mDA neurons. a mDA neurons were stimulated for 2 min with the D1R agonist SKF81297 (SKF; 10 μM), the D2R/D3R agonists quinpirole (Q; 10 μM) and ropinirole (R; 10 μM), or with dopamine (DA; 1 μM) and analyzed for ERK1/2 phosphorylation (pERK1/2) by WB. A representative WB is shown. b Densitometric analysis of blots (n = 4) with specific levels of pERK1/2 normalized to the corresponding TH and tubulin levels. Bars represent the mean ± S.E.M. **p < 0.01 vs basal (B). c mDA neurons were stimulated for 2 min with quinpirole (10 μM) in the presence or absence of the D2R/D3R antagonist sulpiride (5 μM), added 30 min before treatment. A representative WB is shown. d Densitometric analysis of blots (n = 4) with specific levels of p-ERK1/2 normalized to the corresponding TH and tubulin levels. Bars represent the mean ± S.E.M ***p < 0.001 vs B. e mDA neurons were stimulated for 2 min with quinpirole (10 μM) in the presence or absence of the PI3K inhibitor LY294002 (LY; 10 μM), added 30 min before treatment. A representative WB is shown. f Densitometric analysis of blots (n = 4) with specific levels of p-ERK1/2 normalized to the corresponding TH and tubulin levels. Bars represent the mean ± S.E.M. ***p < 0.001 vs B. Data were statistically analyzed by one-way ANOVA followed by post hoc comparison with Bonferroni test cultured for 5 days in Neurobasal/B27 medium without growth factors and then were stimulated with quinpirole (10 μM) or nicotine (10 μM) for the next 72 h. mDA neurons were also treated with quinpirole (10 μM; 72 h) or nicotine (10 μM; 72 h) in combination with sulpiride (5 μM) or with the PI3K inhibitor LY294002 (10 μM) and analyzed for morphological changes. The following endpoints were used as relevant indicators of neurotrophic effects [16, 29] : (i) average maximal length of the primary dendrite, (ii) number of dendrites, and (iii) soma area. As shown in Fig. 5a , in TH-positive mDA neurons, quinpirole significantly increased the maximal length of the primary dendrite (Fig. 5b) , the dendrite number (Fig. 5c) , and the soma area (Fig. 5d) compared to untreated cells. Similar effects were observed with nicotine ( Fig. 5b-d) . The neurotrophic effects of quinpirole were specifically blocked by sulpiride (Fig. 5b-d) and LY294002 (Fig. 5b-d) , suggesting the involvement of PI3K-dependent mechanisms. Interestingly, the neurotrophic effects of nicotine were also abolished by the D2R/D3R antagonist, suggesting the existence of a functional cross talk between nAChR and D2R/ D3R. Sulpiride and LY294002, when administered alone, did not produce any effect on mDA neuron morphology ( Fig. 5b-d) .
D2R/D3R Stimulation Prevents Alpha-Synuclein Aggregation Induced by GD in TH-Positive mDA Neurons
Pathological inclusions enriched in alpha-syn in DA neurons are typically associated with PD [22] . According to previous studies [21] , we induced alpha-syn aggregation in human mDA neurons by GD. In particular, mDA neurons were exposed to GD for 1 h and then cultured in the absence or in the presence of either quinpirole (10 μM) or nicotine (10 μM) for the next 48 and 120 h. Forty-eight hours after GD, TH-positive mDA neurons were analyzed for alpha-syn aggregation by immunocytochemistry. In TH-positive mDA neurons, alpha-syn was distributed in both cell body and dendrites (Fig. 6a (a-c) ). GD significantly modified alpha-syn staining, as shown by the numerous dot-like inclusions into the neurons suggestive of alpha-syn aggregation (Fig. 6a (df), b) . Remarkably, alpha-syn inclusions were drastically reduced by both quinpirole (Fig. 6a (g-i) , b) and nicotine ( Fig. 6a (j-l) , b); these effects were significantly antagonized by sulpiride (Fig. 6a (m-o, p-r) for quinpirole and nicotine plus sulpiride, respectively; Fig. 6b ). TH-positive mDA neuron structural plasticity was analyzed both 48 and 120 h following the toxic insult. While no morphological changes were 6 Glucose deprivation (GD)-induced alpha-synuclein (alpha-syn) aggregation is counteracted by D2R/D3R and nicotine stimulation. hiPSC-derived DA neurons were exposed to GD for 1 h following by incubation with quinpirole (Q; 10 μM) or nicotine (N; 10 μM), in the absence or in the presence of sulpiride (S; 5 μM), added 30 min prior to treatment with quinpirole or nicotine. a Analyses of TH (green) and alpha-syn (SYN; red) in hiPSC-derived DA neurons by immunocytochemistry and confocal analysis 48 h. Scale bar = 20 μm. b Quantification of the percentage average size of the alpha-synimmunopositive area in the different conditions analyzed at 48 h. Bars represent mean ± S.E.M. **p < 0.01; ***p < 0.001 vs basal (B). Data were statistically analyzed by one-way ANOVA followed by post hoc comparison with Bonferroni test. c Representative microphotographs of TH-positive neurons in basal conditions (B), GD, and GD following exposure to quinpirole (Q; 10 μM), nicotine (N; 10 μM), or sulpiride (S; 5 μM) for 120 h. Scale bar = 50 mm. d-f Morphologic effects induced by GD and GD plus quinpirole or nicotine in the presence of absence of sulpiride on maximal dendrite length (d), number of primary dendrites (e), and soma area (f). Bars represent mean ± S.E.M. ***p < 0.001; **p < 0.01; *p < 0.05 vs B. Data were statistically analyzed by one-way ANOVA followed by post hoc comparison with Bonferroni test detectable 48 h after GD (data not shown), at 120 h a significant decrease of the maximal length of primary dendrite, the number of dendrites and soma area was observed in GDtreated mDA neurons as compared to untreated cells (Fig. 6c, d-f) . Quinpirole significantly counteracted GDinduced damage, restoring the primary dendrite length, the number of dendrites and soma area (Fig. 6c, d-f) ; similar results were obtained with nicotine (Fig. 6c, d-f) . Both quinpirole and nicotine-induced restoration of morphological changes were significantly antagonized by sulpiride (Fig. 6c,  d-f ).
Discussion
In this paper, by using human iPSC, we have successfully recapitulated the process of midbrain neurogenesis, efficiently generating a neuronal population enriched in TH/DATpositive mDA neurons. Authentic terminally differentiated mDA neurons were obtained from hiPSC after 50 days in culture. In particular, at day 50, the majority of hiPSCderived cells were positive for the neuronal marker MAP2 and ∼40% of these neurons co-expressed TH and DAT. Other studies reported that iPSC-derived mDA neurons may release DA in the culture media [26, 27] . We now report that mature mDA neurons release endogenous DA in a regulated way. DA release was, in fact, increased by a synaptic releaser, such as potassium and, most importantly, it was stimulated by nicotine, that is well-known to control DA release in mature rodent neurons by mainly interacting with α4α6-β2 nAChR [32, 33] . Moreover, we report that, as in the physiological systems, the release of DA induced by nicotine was blocked by quinpirole [6, 32, 33] . Thus, based on both mRNA expression and the functional interaction between nAChR and D2-like receptor in controlling DA release, it is indicated that mDA neurons generated from human iPSC co-express functional D2R/D3R and the nAChR. We have identified the mRNA for α4, α6, and β2 nAChR subunits in our cultures, suggesting that, as in other systems, this nAChR subtype is likely to be involved in the control of DA release in human iPSC-derived DA neurons. However, whether other nAChR subtypes may be involved need to be further investigated. Together, these data indicate that mDA neurons derived from hiPSC express the proper complement of nAChR and D2-like receptors controlling DA release, suggesting that they reach the full maturation.
Increasing evidence suggests that DA and D2-like receptors are required for neural differentiation during both development and neurogenesis in adult brain [11, 13, 17, 18, [37] [38] [39] . The possibility to monitor mDA neurons development during their in vitro differentiation from hiPSC represents a powerful tool for investigating the role of D2-like receptors in these processes; interestingly, the mRNAs encoding for D2R, D3R, and D4R were detected in the undifferentiated hiPSC, suggesting their susceptibility to DA already in the pluripotent state. By contrast, the mRNA for TH, which was undetectable in this stage, was strongly upregulated at later stages suggesting that early, during the differentiation protocol, hiPSC-derived neuronal progenitors acquire the property to produce and release DA. In this study, we found that the number of both MAP2-and THpositive neurons was increased by quinpirole, an effect significantly counteracted by the D2R/D3R receptor antagonist sulpiride, when given in combination with quinpirole. On the other hand, sulpiride, when given alone, significantly impaired the proliferation of MAP2-and TH-positive neurons. Although an improvement in the yield of other hiPSC-derived neurons, such as the GABAergic or glutamatergic neurons, has not been investigated, our data suggest that the role of D2-like receptors is to selectively amplify the multipotent/neuronal progenitor cell population before differentiation toward specific neuronal phenotypes [11] . Intriguingly, while D2-like receptors stimulation decreases cAMP levels, a cAMP supplement is currently used for DA neurons differentiation [11, 40] . Therefore, it is likely that additional D2-like receptors-induced intracellular events, as for example ERK1/2 activation, can modulate neuronal proliferation [11, 18] .
The PI3K/ERK1/2 signaling pathway has been shown to sustain D2R/D3R-mediated morphological changes in primary rodent neuronal cultures [16, 41, 42] . We demonstrate here that in hiPSC-derived mDA neurons, D2R/D3R stimulation by quinpirole transiently activated the ERK1/2 pathway. In addition, a chronic treatment with quinpirole led to a significant remodeling of both dendritic arborization and soma size of TH-positive DA neurons, an effect likely dependent on the ERK cascade. The requirement of ERK1/2 activation in several neuronal processes, including the structural plasticity, has been previously described [15, 16, [41] [42] [43] . However, whether a persistent activation of ERK1/2 is required for sustaining neurotrophic effects or whether a transient activation of this pathway is sufficient for triggering subsequent cellular responses leading to morphological changes of TH-positive neurons remains to be investigated.
The individual role of D2R and D3R in exerting the neurotrophic effects on mDA neurons is hardly to define due to the lack of selective ligands. Based on mRNA analysis, mDA neurons at day 50 express both D2R and D3R, with the D2R expressed at higher levels than the D3R. Interestingly, data obtained from D2R-and D3R-KO mice suggested that both D2R and D3R are necessary to provide neurotrophic support to DA neurons [15] [16] [17] 35] ; therefore, even if expressed at low levels, the D3R likely provides a crucial contribution to D2-like agonist-induced neurotrophic effects on mDA neurons.
A moderate level of mRNA encoding for D4R was also measured in mDA cultures. However, according to the main localization of this receptor at the post-synaptic sites of GABAergic neurons of several brain areas [44] [45] [46] , the D4R should be mostly localized in other neuronal phenotypes present in our cultures and its contribution to the morphological remodeling of TH-positive DA neurons is unlikely.
Exposure to nicotine significantly supported TH-positive DA neuron structural modifications, increasing both the dendritic complexity and the soma area. The involvement of D2R/ D3R in nicotine-induced neurotrophic effects was suggested by the observation that sulpiride counteracted nicotineinduced morphological changes. This observation is in line with previous studies in knockout mouse models demonstrating that functional D3R are required for the neurotrophic effects of nicotine in DA neurons [35] .
The simplest explanation of this observation is that DA, released in response to nicotine, by activating D2R/D3R, promotes the morphological remodeling of TH-positive neurons and protects against toxic stimuli. Other mechanisms, however, can be involved in the functional cross talk between D2R/D3R and nAChR including either the convergence of their signaling pathways or transactivation mechanisms or the formation of heteromeric complexes. In particular, one of the properties of G protein-coupled receptors (GPCR) is their propensity to physically associate with both closely related and structurallydivergent receptors, as ligand-gated ion channels, to generate heteromers with peculiar properties, suggesting that heteromerization represents a key integrative mechanism at neuronal level. Receptor heteromers formed by DA D1R and glutamate NMDAR [47] and DA D5R and GABA-AR [48] have been in fact identified and characterized. On this line, it has been suggested that the existence of a D2R-nAChR heteromer controlling DA release [49] and preliminary data obtained in our laboratory strongly suggest that the D3R may directly interact with the nAChR. Formation of receptor heteromers could thus contribute to the functional interactions between D2R/D3R and nAChR in iPSC-derived TH-positive neurons. Further studies will be carried out in the future to clarify this point.
Thus, the D2R/D3R-induced neurotrophic effects could explain the neuroadaptive potential typical of DA neurons in response to different stimuli. In particular, it is well accepted that changes in neuron morphology, at the dendrites and dendritic spines, contribute to the molecular mechanisms relevant for addiction disorders [50, 51] . On this line, nicotine, the main agent delivered through tobacco smoking, is an addictive compound [52] ; on the other hand, chronic administration of D2R/D3R agonists, currently used for both PD therapy and for other disorders, such as restless leg syndrome and prolactin-secreting pituitary tumors [53] , has been associated with the development of a heterogeneous group of addictive behaviors [53, 54] . Thus, in hiPSC-derived mDA neurons, the structural changes exerted by quinpirole and nicotine, via D2R/D3R signaling, could represent the abnormal maladaptive morphological event that might contribute to the development of addiction.
Besides providing evidence for a role of D2R/D3R in supporting human mDA neuronal trophism, a specific role of these receptors in neuronal protection has been also documented. Immunochemistry has shown that hiPSC-derived mDA neurons express alpha-syn, thus representing a useful in vitro model for analyzing the neurodegenerative events underlying PD. It is well accepted that alpha-syn aggregation is closely associated with the neurodegenerative processes of DA neurons in PD [22] . We demonstrated that in TH-positive mDA neurons, energy starvation induced by GD leads to aggregation of alpha-syn into inclusions detected throughout the cell bodies and dendrites. These inclusions, observed 48 h after the toxic insult, were associated with alteration of the TH-positive neurons morphology. Interestingly, alpha-syn aggregation was prevented by stimulation of D2R/D3R immediately after GD. It is believed that improper activity of the ubiquitin-proteasome system (UPS) leading to impaired removal of misfolded proteins is critical for degenerative processes leading to PD [55] . Intriguingly, in a mouse model of PD with impaired UPS activity, administration of pramipexole, an agonist of D2R/D3R commonly used in PD disease [56] , exerted neuroprotective effects on DA neurons by restoring the proteasomal activity [57] . As shown for remodeling effects, the requirement of either D2R or D3R or both in protecting DA neurons from toxic insult has not been defined.
Increasing evidence suggests that nicotine exerts neuroprotective effects against DA neuron neurodegeneration through several potential mechanisms counteracting oxidative stress and neuroinflammation [58] . Moreover, in vitro studies demonstrated a direct ability of nicotine to inhibit the formation of alpha-syn aggregates [59, 60] . Here, we demonstrated that in hiPSC-derived mDA neurons, chronic treatment with nicotine efficiently counteracted alpha-syn aggregation induced by GD. It is important to note that quinpirole and nicotine counteracted both the formation of alpha-syn aggregates induced by GD and the associated structural alterations. Remarkably, the effects of both compounds were significantly blocked by the D2R/D3R antagonist sulpiride, suggesting the possibility that, as shown for the remodeling effects, nAChR and D2R/D3R could cooperate for preventing alpha-syn aggregation and the morphological damages.
Both D2R/D3R agonists, such as pramipexole, and nicotine have been considered as disease-modifying drugs for PD [61] . However, recent clinical trials in PD patients did not support pramipexole as a disease-modifying agent, while those for nicotine are currently in progress [61] . Given that the formation of insoluble aggregates of alpha-syn is likely an early and irreversible process [62, 63] , there is a possibility that D2R/D3R stimulation would be unable to counteract the aggregation once it has been occurred.
In conclusion, in this study, we characterized, for the first time, human mDA neurons generated from iPSC in terms of regulated DA release, expression, transductional properties and function of D2R/D3R, and their interaction with the nAChR. We provided evidence that D2R/D3R are crucially involved in mDA neurons development, morphological plasticity, and protection thus indicating that abnormal D2R/D3R function may be associated with DA neurons vulnerability. On this line, investigating the D2R/D3R properties in patientderived mDA neurons may unveil molecular predegenerative alterations that could critically contribute to the pathogenesis of brain diseases involving the DA system such as PD.
